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Abstract. - Sagitta morphology is much used in sciaenid systematics, as well as in archaeological, paleonto¬ 
logical and ecological studies. Although morphometric characteristics of sagitta (length, height, thickness, 
weight,...) are useful to discriminate some marine and freshwater species, they are not fully conclusive in the 
case of Micropogonias altipinnis and M. manni. In order to give new elements for characterizing and discrimi¬ 
nating these species we propose here to apply the geometric morphometry technique to sagittae of these species 
by combining landmarks and sliding semi-landmarks. We measured 40 sagittae of Micropogonias altipinnis and 
46 sagittae of M. manni, and quantified their differences in shape and centroid size. We also tested for an effect of 
the length and weight of Micropogonias specimens on the shape of the sagitta. Our results show that it is possible 
to discriminate the two species. Moreover, sagitta shape differs significantly between species, while centroid size 
does not. These results validate the application of our protocol for characterizing and discriminating the shape of 
the sagitta, and show that the combined use of landmarks and sliding semi-landmarks is a very powerful option 
to capture the elusive morphological changes present in Micropogonias sagittae. 


Resume. - Differences de forme entre les otolithes de Micropogonias manni et M. altipinnis (Sciaenidae). 
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La morphologie des sagittae est tres utilisee dans la systematique des Sciaenidae, ainsi que dans les etudes 
archeologiques, paleontologiques et ecologiques. La longueur, la hauteur, l’epaisseur et le poids sont des varia¬ 
bles utilisees pour distinguer des especes marines ou d’eau douce, mais elles ne sont pas discriminantes dans le 
cas de Micropogonias altipinnis et M. manni. Nous proposons d’appliquer la morphometrie geometrique aux 
sagittae de ces deux especes afin d’apporter de nouveaux elements pour les caracteriser et les discriminer. Nous 
avons mesure 40 sagittae de Micropogonias altipinnis et 46 sagittae de M. manni et avons quantifie leurs diffe¬ 
rences de conformation et de taille centro'fde. Nous avons aussi teste l’effet de la longueur et du poids des speci¬ 
mens de Micropogonias sur la conformation de la sagitta. Nos resultats montrent qu’il est possible de distinguer 
les deux especes. De plus, la forme de la sagitta est differente mais pas la taille centro'fde. Ces resultats valident 
Tapplication de notre protocole pour caracteriser et discriminer la forme de la sagitta et indiquent que 1 ’utilisa¬ 
tion simultanee de reperes et de “sliding semi-landmarks” est une bonne alternative aux mesures traditionnelles 
pour mettre en evidence les changements morphologiques imperceptibles des sagittae de Micropogonias. 


Sciaenids, commonly called drums or croakers, inhabit 
predominantly marine and brackish environments in shallow 
waters over sandy and muddy bottoms of the Atlantic, Indian 
and Pacific Oceans (Chao, 1995; Nelson, 2006). This family 
includes about 67 genera and 292 species (Eschmeyer and 
Fong, 2015). The genus Micropogonias Bonaparte, 1831 is 
strictly neotropical (Chao, 1986) and four species are present 
in the Pacific coast (Chao, 1995): Micropogonias altipinnis 
(Gunther, 1864), Micropogonias ectenes (Jordan & Gilbert, 
1882), Micropogonias manni Moreno, 1970 and Micro¬ 
pogonias megalops (Gilbert, 1890). This paper focuses on 
M. altipinnis and M. manni because they both live in South 
America and might have had overlapping distribution range 
in the past. Although they inhabit two different environments 


in western South America (Fig. 1), M. altipinnis is supposed 
to have been present ca. 10,000 years ago in Northern Chile 
(Llagostera, 1979), where M. manni is reported today. Now¬ 
adays, Micropogonias altipinnis inhabits the coastal marine 
habitats from the Gulf of California to the north of Peru 
(Chao, 1995) and Micropogonias manni inhabits brackish 
to freshwater environments of central Chile (Moreno, 1970). 
These two species can be distinguished by anatomical traits 
of their external morphology but have very similar saccular 
otoliths or sagittae (Fig. 2), which hampers their correct dis¬ 
crimination in paleontology and zooarchaeology. 

The sagittae are one of the three different otoliths in the 
inner ear of teleosts, which participate in the hearing and 
balance functions in the water environment (Motta et al.. 
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2009). In most cases, they are basically formed by arago¬ 
nite crystals arranged in a protein matrix (Lombarte et al., 
2006). Because of their species-specific shape (Campana 
and Casselman, 1993), sagittae can be used as a tool in sci- 
aenid taxonomy and phylogeny (Chao, 1978; Sasaki, 1989; 
Schwarzhans, 1993; Bearez and Schwarzhans, 2013), and 
for the identification of species in archaeological or fossil 
samples (Llagostera, 1979; Scartascini et al., 2009; Bearez 
et al., 2011), or in the stomach content samples for dietary 
item identification (Derby and Lovvorn, 1997; Browne et 
al., 2002). 

Although sagitta morphometric measurements (length, 
height, thickness, or weight) aid to discriminate some marine 
and freshwater species (Schwarzhans, 1993; Tuset et al., 
2003; Canas et al., 2012; Wakefield et al., 2014), they are 
not fully conclusive in the case of Micropogonias altipinnis 
and M. manni (PB, unpubl. data). The geometric morphom¬ 
etry (GM) method has been successfully applied in many 
fields of biological research including taxonomy, ecology, 
evolution and ontogeny (Morais et al., 2013). This method 
preserves the main geometric properties of specimens, while 
generating a visual representation and determining shape 
variables that can be analysed statistically (Adams et al., 
2004). Because of its large size in sciaenids, and the rich 
biological information present on its mesial surface, where 
the sulcus acusticus and the macula are in tight contact, the 



Figure 1. - Current distribution range of Micropogonias altipinnis 
(light grey) and Micropogonias manni (dark gray). 


sagitta is a well-suited object for application of GM to quan¬ 
tify the morphological information present in each speci¬ 
men. GM permits to work quantitatively and qualitatively on 
biological form more accurately than classical linear meas¬ 
urements (Adams, 2004; Zelditch, 2012). Landmarks are 
anatomical point locations (Bookstein, 1991) while sliding 
semi-landmarks are reference points placed along the curves 
or surfaces (Gunz and Mitteroecker, 2013). These techniques 
have been successfully applied to distinguish between sci- 
aenid species (Monteiro et al., 2004, 2005) and also to test 
the relationship between otolith morphology and body size 
(Waessle et al., 2003; Monteiro et al., 2005). 

In the coastal archeological sites of the neotropics, it 
is frequently difficult to attribute Micropogonias sagittae 
with certainty to either one or other species (Llagostera et 
al., 1997). In order to provide a reliable tool for archeologi¬ 
cal material identification along the South American Pacific 
coast we applied the GM technique to modern Micropogo¬ 
nias sagittae. 

The aim of this study was to determine the contribution 
of GM method to the discrimination of modern species. Is 



Figure 2. - Left sagitta of Micropogonias altipinnis (A) and 
M. manni (B); mesial view. Scale bar: 5 mm. 
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it possible to separate modem Micropogonias species using 
sagitta shape? Does Micropogonias sagitta shape vary in 
relation to sex and also with length of specimens? 

MATERIALS AND METHODS 

We used 40 sagittae of Micropogonias altipinnis and 46 
of M. manni specimens collected from Ecuador and Peru, 
and from Chile, respectively (Tab. I; Fig. 1). Although stand¬ 
ard length (SL) and total length (TL) are generally highly 
correlated, both measures are commonly used in the litera¬ 
ture and were taken into account. Lengths were obtained by 
measurements with a caliper to the nearest mm; body weight 
(BW) by using a weighing balance (g) and the sex by dis¬ 
section. Sagittae were extracted using the guillotine method 
(Stevenson and Campana, 1992), cleaned from adhering 
tissues, dried and then preserved in the collection with an 
inventory number. We followed the morphological terminol¬ 
ogy of Schwarzhans (1993). 



Figure 3. - Mesial view of the left sagitta showing the measurements 
taken on each otolith. Numbers refer to landmarks at the ostial-cau¬ 
dal joint (points 1 and 6) and at the end of the cauda (points 2 to 5). 
The sliding semi-landmarks align along the blue lines as follows: 
ostium outline: 85 semi-landmarks; precaudal depression edge: 9; 
caudal curves between ostium and caudal tip: 35 and 25; inner face 
rim: 100. Scale bar: 5 mm. 


Sagittae data acquisition and analyses 

I) We defined the position of landmarks and sliding 
semi-landmarks on the sagitta mesial surface using the cri¬ 
terion of homology. II) Left sagittae were stained with pencil 
graphite, oriented with their mesial surface up (Fig. 3), and 
observed under a binocular macroscope Leica Z6 coupled 
with a camera Leica DFC420 of 5 MP resolution. To evalu¬ 
ate the observer effect, we selected three sagittae of similar 
size and conservation state, and each was photographed 10 
times. Ill) We placed the landmarks and the sliding semi¬ 
landmarks manually on each photo using Tps Dig2 v. 2.05 
(Rohlf, 2005) as follows: two landmarks at the ostial-cau¬ 
dal joint and four landmarks at the end of the cauda (Fig. 
3). The sliding semi-landmarks were placed on the ostium 
outline (85), at the precaudal depression edge (9), at the cau¬ 
dal curves between the ostium and the “buffer” shape cau¬ 
dal tip (35 + 25), and finally at the inner face rim (100). At 
this moment of the procedure the total number of points was 
fixed to 255 (six landmarks and 249 sliding semi-landmarks) 
using the criterion of the minimum number of points needed 
to properly define or describe sagitta inner shape; IV) Land¬ 
mark and semi-landmark positions were translated, scaled 
(to unit centroid size) and rotated through generalized pro- 
crustes analysis (GPA, Rohlf and Slice, 1990) performed 
with Tps Relw v.l .36 program (Rohlf, 2004). Sliding semi¬ 
landmarks superposition includes the “slide” phase. It allows 
a superimposition of landmarks and sliding semi-landmarks 
as equivalents (Cucchi et al., 2011; Gunz and Mitteroeck- 
er, 2013). Once landmark and semi-landmark positions are 
optimally adjusted, minimizing the bending energy between 
the consensus and each specimen (Gunz and Mitteroecker, 
2013), giving a homolog geometric position of the entire set 
of points, they can be statistically analysed in a classical geo¬ 
metric morphometric framework (Adams et al., 2004; Zeld- 
itch, 2012). We incorporated the final shape coordinates of 
the configuration into subsequent analyses as well as centro¬ 
id size for each specimen. To evaluate the observer effect we 
performed a Principal Components Analysis (PCA) to quan¬ 
tify and visualize shape differences between the specimens. 
The PCA (data not shown) showed that shape variability due 
to repetitions was lower than shape variability between spec¬ 
imens, hence the measures are reliable. 

Shape statistical analyses were performed with R v3.0.2 
(R Core Team, 2013) using “Rmorph” library (Baylac, 2012). 

Because sliding semi-landmarks 
generate many variables, we used 
dimensionality reduction method 
(Baylac and Friess, 2005) that con¬ 
sists in a substitution of the number 
of predictors used in a Linear Dis¬ 
criminant Analysis (LDA) by the 
scores of the first axes of the PCA. 
We then worked on the first 16 axes 


Table I. - Data for otolith reference collection. 


Taxon 

Locality 

Number of otoliths 
(female, male) 

Length range 
(mm) 

Weight range 
(g) 

Micropogonias a 1 tipinnis 

Ecuador 

21 (11, 10) 

192-506 SL 

124-3800 

Peru 

19 

237-600 TL 

Micropogonias manni 

Chile 

46 (24, 22) 

214-451 SL 
259-536 TL 

192-1000 
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(that represent 90% of shape variability) to achieve a correct 
balance to the number of sagittae (Evin et al., 2013). First, 
we tested significant differences in shape and size between 
species and sex using MANOVA and ANOVA, respectively, 
with shape and centroid size as the dependent variable and 
the species as a factor. We also visualized shape differences 
by the deformations along the factorial axes calculated by 
multivariate regressions (Monteiro, 1999). We performed a 
LDA on shape (Evin et al., 2013) to minimize intra-group 
variance and maximize the species separation, but also to 
visualize the morphological average deformations related 
to the discriminant axis. We calculated and analysed the dis¬ 
crimination level (percentage of individuals correctly classi¬ 
fied by species). 

Lastly, we analysed and visualized the relation between 
otolith shape and specimen external morphology (TL, SL 
and BW) using multivariate regressions (Monteiro, 1999) to 
complement our sagitta shape study. 

RESULTS 

Sagitta shape description 

M. manni sagitta is more compressed in the front and 
stretched in the back than M. altipinnis sagitta (Fig. 4). The 
dorsal line separating the smooth inner face from the more 
granulate dorsal margin is more curved toward the center 
of the sagitta in M. manni. The sulcus acusticus also dif¬ 
fers between the two species. The ostium is relatively more 
auriculated dorsally in M. manni and the ventral notch is 
relatively more pronounced. The precaudal depression edge 
is relatively more concave in M. manni and the caudal tip is 
more extended. 

Results of the tests and discrimination rate 

Otolith centroid size is not significantly different 
between the two species and between sexes (species: 
ANOVA p = 0.132; sex: ANOVAp = 0.466). Shape statisti¬ 
cally differs between species (MANOVA p < 0.001) but not 
between sex (MANOVA, p = 0.315). Within each species, 
we also found that sex has no significant effect on shape of 
the sagitta mesial face (M. altipinnis, MANOVA, p = 0.505; 
M. manni, p = 0.3) nor on size (M. altipinnis, ANOVA, 
p =0.593; M. manni, p = 0.139). 

Regarding assignation results, we obtained high discrim¬ 
ination rate of sagitta shape, even though one 
M. altipinnis sagitta and two M. manni sagittae 
were not correctly assigned (Tab. II; Fig. 4A). 

Sagitta shape and body variables 

We found a significant correlation between 
sagitta shape and specimen body variables 
(TL, SL, WB), as clearly visualized by the 


projections (Tab. Ill; Fig. 5). The TL explained the larger 
part of shape variations, while most differences observed in 
relation to body weight could arise from the large interval 
of weight values from the specimens. However, all differ¬ 
ences observed in relation to TL and SL indicate that otolith 
growth is localized mostly in the posterior and dorsal mar¬ 
gins (Fig. 5), and the general tendency observed corresponds 
to a relative increase of the ostium and a localized growth of 
the dorsal margin which decrease the relative width of the 
otolith from larger and heavier specimens. 



Micropogonias altipinnis 



-4 -2 0 2 4 


A M. Manni 



Figure 4. - Discriminant shape analysis between Micropogonias 
altipinnis and M. manni sagittae. A: Histogram showing the values 
of the intra- and inter-specific morphological variability. The x-axis 
shows the discriminant axis and the y-axis the frequency of distri¬ 
bution of sagittae of M. altipinnis and M. manni. B: Mean sagittae 
shape of M. altipinnis (in gray) and M. manni (in black). 


Table II. - Number of sagittae with correct specific assignation (%). 


Taxon 

Number of sagittae correctly 
assigned/number studied 

Shape discrimination 
percentage 

Micropogonias altipinnis 
Micropogonias manni 

39/40 

44/46 

97.5% 

95.6% 

Total 

83/86 

96.5% 
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Table III. - Micropogonias sagitta shape and relationships of speci¬ 
men body variables: weight (cubic); standard length (logarithm) 
(SL); total length (logarithm) (TL). P-value is the R 2 associated 
probability. 


Relation between body variables 
and sagitta shape 

P-value 

R 2 

BW and shape 

<0.001 

R 2 = 0.5597 

Log SL and shape 

<0.001 

R 2 = 0.5985 

Log TL and shape 

<0.001 

R 2 = 0.5856 


DISCUSSION 


This study revealed (1) clear shape differences between 
sagittae of modern Micropogonias species and (2) sagitta 
shape variations related with morphology of specimens. 
These differences confirm what is known from the literature 
that recognizes sagitta as an important tool for sciaenid sys- 
tematics (Sasaki, 1989; Schwarzhans, 1993). Similar obser¬ 
vations were obtained by Ponton (2006) for Engraulidae and 
by Wakefield et al. (2014) for Etelinae. 

Popper and Lu (2000) propose that interspecific differ¬ 
ences in sagitta shape and size have a functional significance 
bearing on what and how fishes hear. Lombarte and Lleon- 
art (1993) suggest that sagitta shape is regulated by genetics 
while size is influenced by environmental conditions. Inter¬ 
specific differences observed in sagitta shape are localized 
on the margins and also in the anterior ( ostium ) and posterior 
(cauda) portions of the sulcus acusticus (Fig. 4B). This part 
of the sagitta is in contact with the macula through cilia. This 
connection is related to the hearing of the fish, which in turn 
depends on the environment under which the species devel¬ 
ops (Popper and Lu, 2000; Popper et al., 2005; Ramcharitar 
el al., 2006). In fact, the two studied species inhabit different 
environments, one in the sea and one in coastal lakes, and 
likely have distinct feeding behaviours. 

Lombarte and Lleonart (1993) argue that the sulcus mor¬ 
phology reflects phylogenetics relationships, that we could 
use to interpret the high percentage of sagittae correctly 
assigned to the species evaluated. The entire sagitta mesial 
surface is involved in the interspecific differences observed 
and could be used to accurately describe each species. The 
graphical representation of shape results is an important 
visual aid as shape is captured in a great detail through com¬ 
bined landmarks and sliding semi-landmarks shape analyses. 
As proposed by Gunz et al. (2012), sliding semi-landmarks 
constitute a very useful tool in taxonomic studies of speci¬ 
mens. Our results confirm that otolith shape could be used 
to obtain complementary characters that would reveal differ¬ 
ences between M. nianni and M.furnieri. 

Sagitta variations linked with sex were tested here. 
Micropogonias sex had no significant effect on shape or on 
centroid size, in contrast with Galley et al. (2006), finding 
that for Gadus morhua Linnaeus, 1758 differences in oto¬ 



Figure 5. - Otolith shape variation associated with A: body-weight; 
B: standard length; C: total length of specimens. Grey lines cor¬ 
respond to low BW and SL/TL; black lines correspond to high BW 
and SL/TL. 

liths shape between specimens could be attributed to growth 
rate differences between males and females rather than to 
the stock origin. The only sexual differences remarked with¬ 
in sciaenid members concern the drumming muscles (Chao, 
1995), which are always present in males but occasional in 
females (Ramcharitar et al., 2006). 

We showed here a significant correlation between the 
sagitta shape and the three body variables (Fig. 5). Montei- 
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ro et al. (2005) suggested that these ontogenetic variations 
might generate functional differences of hearing of fishes of 
different sizes, which could have an importance in localiz¬ 
ing the sound source, but this needs to be clarified by further 
research (Monteiro et al., 2005). 

To conclude, we showed that our protocol was adequate 
to distinguish the two species and also to quantify and vis¬ 
ualize the relationship between sagitta shape and size of 
specimens. We also propose a reliable model of comparison 
especially useful when otoliths are isolated from the rest of 
the specimen. Archaeological remains will be an excellent 
subject for application of our method (Evin et al., 2013; 
Ros et al., 2014; Cornette et al., 2015). Since Micropogo¬ 
nias remains are common in coastal archaeological sites of 
the neotropics (Bearez et al., 2011; Goepfert et al., 2014), 
an accurate modern sagitta shape model will help to (1) 
attribute the archaeological pieces to a modern, known and 
correctly identified species and also (2) use shape differ¬ 
ences to study paleoenvironmental conditions (Scartascini et 
al., 2009). Such fine identifications will allow more precise 
interpretation of the human prehistoric life mode, especially 
concerning fishing, but also of the paleobiodiversity (Lla- 
gostera, 1979; Chauchat et al., 2004; Bearez et al., 2011). 
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